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Description

[0001] This invention relates to a method of and apparatus for assessing the effect of a conduit section on flow
characteristics of a first fluid.
[0002] WO 00/38591 discloses the use of tubing, for example, blood flow tubing, with internal spiral formations to
improve flow through the tubing in at least some respects. In particular, spiral flow induced by a spiral formation in an
artery or graft can reduce or eliminate dead flow regions and turbulence, leading to reduced tendency of stenosis. The
same effect is observed in industrial tubing and pipes.
[0003] The effect depends upon the dimensions of the tubing and the properties of the fluid flow, its density, viscosity
and its speed, as well as on the nature of the spiral formation.
[0004] For a given fluid flow, the problem is to specify an internal spiral formation, of a tube of given dimensions, that
produces a beneficial effect; a further problem is to specify a formation which optimises the effect. Given all the possible
variations in tube dimensions and fluid properties, as well as the number of different ways in which a spiral formation
can be realised, and given the difficulty of even observing spiral flow, especially in narrow bore tubing, the trial and error
approach is often tedious, and cannot ever be guaranteed to produce the best design, since there will always be some
configurations that remain unexplored.
[0005] Stonebridge et al disclose a method of studying spiral laminar flow in vivo using Doppler ultrasound in "Spiral
laminar flow in vivo", Clinical Science, 1996, Vol. 91, pages 17-21.
[0006] The term "spiral" as used herein covers the mathematical definitions of spiral, helical or a combination of spiral
and helical.
[0007] The present invention is a method as defined in claim 1.
[0008] Preferably, the transverse flow parameter comprises transverse flow velocity, and typically, a number of trans-
verse flow velocities are detected across a cross-section of the first conduit system.
[0009] Typically, the transverse flow parameter is detected using ultrasound, and preferably, using a Doppler ultrasound
technique. However, other detection methods are possible, such as magnetic resonance imaging (MRI).
[0010] The at least one transverse flow characteristic that is determined comprises a quantitative flow characteristic.
The quantitative flow characteristic comprises peak transverse flow velocity. Typically, the quantitative flow characteristic
also comprises spiral statistical uncertainty.
[0011] Preferably, the at least one transverse flow characteristic that is determined comprises a qualitative flow char-
acteristic. Typically, the qualitative flow characteristic comprises one or more of transverse flow profile and transverse
velocity profile.
[0012] Typically, the pressure of the first fluid in the flow system is also detected. The pressure may be detected
upstream and/or downstream of the conduit section.
[0013] In one example of the invention, the invention may be used to assess the effect of the conduit section on the
flow characteristics of a second fluid in a second conduit system. In this example, initially flow characteristics of the
second conduit system are analysed, the first conduit system is configured to at least partially emulate the second conduit
system, and a second assessment of the effect of the conduit section on the flow characteristics of a second fluid in the
second conduit system are derived from the assessment of the effect of the conduit section on the flow characteristics
of the first fluid in the first conduit system. Preferably, the first fluid has a known relationship to the second fluid.
[0014] Preferably, the detecting region is a cross-section of the first conduit system.
[0015] The sensing system is a Doppler ultrasound sensing system that comprises a source of ultrasonic waves and
a sensor for detecting ultrasonic waves from the detecting region of the first conduit system.
[0016] Preferably, the first and second fluids are liquids.
[0017] The first conduit system may comprise upstream and downstream tubing delivering fluid to and receiving it
from the conduit section. The upstream tubing may be such as deliver specific amounts of turbulence in the flow and
non-rotational flow to the conduit section, and the downstream tubing may be such as not to induce turbulence and/or
rotation which could be propagated upstream. Smooth-walled tubing, such as silicon or silicon-lined or silicone treated
tubing will usually be found suitable.
[0018] The first conduit system may comprise a source for the fluid and pressure means to provide a pressure head
in the fluid. The pressure means may comprise a fluid reservoir elevated above the tube, and/or a pump.
[0019] Usually, the fluid will be a liquid. For testing blood flow tubing, the fluid will be blood, or, preferably, a liquid
simulating blood, as by having comparable density and viscosity. For Döppler ultrasound measurements, the fluid may
also have comparable acoustic refractive index.
[0020] The effect of a stenosis may be observed by making measurements with and without such. An apertured plug
may be inserted in the downstream tube of a flow system for this. Testing the effect of different stenosis values (stenosis
value may be defined as the ratio of plug aperture to tube area) may be done by inserting a series of plugs with different
stenosis values. Ultrasound measurements may be made on the downstream tubing, just downstream of the tube, and
at differing distances from it, but upstream of the stenosis, to indicate how a spiral form graft will be affected over time
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by developing atherosclerosis, for example.
[0021] For measurement of pulsatile flow, such as blood flow, clearly pulsatile flow conditions can be imposed by
control of a pump or a valve. Snapshot and/or time sequence measurements may be made.
[0022] Measurement, especially Döppler ultrasound measurement, may give, for a tomographic slice of the tubing, a
distribution of transverse velocity values against radius from the axis of the tubing. Such a distribution may be analysed
by any convenient method. For example, the distribution may be regarded as an image, which may be bit-mapped and
subjected to image processing techniques.
[0023] For blood flow tubing, which is to say, grafts, whether modified natural or artificial tubing, and possibly also
tubing of devices such as heart-lung machines and giving sets, the method according to the invention indicates that
single spiral formation tubing is best, and that downstream stenosis of no more than 44% stenosis value is sufficient to
cancel any spiral flow induced by the spiral formation tube - this is rectangular linear profile stenosis. This is already a
useful result in terms of aftercare of patients who have received grafts, and indicates that a programme of regular Döppler
ultrasound or other measurement of spiral flow in vivo is a useful check on the viability of grafts, not to mention the
indication that a graft with a single start thread would be the preferred choice for implantation, whether as an arterial
bypass graft or as a leg artery replacement.
[0024] The internal spiral formation, in blood flow tubing, may be that of a stent. WO 00/38591 referred to above
discloses stents with spiral formations that induce spiral flow in veins or arteries and such stents may also be assessed
using the method of the invention. The set-up may be designed to mimic the site at which the stent will be implanted,
by suitable choice of tube, and inlet and outlet tubing, and different stents tested, or a reconfigurable stent tested in
different configurations, in order to optimise stent performance.
[0025] Examples of a method of and apparatus for assessing the effect of a conduit section on flow characteristics of
a first fluid in accordance with the invention will now be described with reference to the accompanying drawings, in which:

Figure 1 is a cross-sectional view of a part of a first example of a test system with first examples of upstream tubing
and downstream tubing, and a test tube mounted in the test system;
Figure 2 is a cross-sectional view of the test system with the test tube mounted in the test system, and with second
examples of upstream and downstream tubing;
Figure 3 shows four different stenoses for the measurement mode of Figure 2;
Figure 4 shows an example of the measurements made by the Döppler ultrasound technique;
Figure 5 is a graph showing spiral velocity against distance for two designs of graft;
Figure 6 is a graph showing spiral statistical uncertainty against distance for the two grafts of Figure 5; and
Figure 7 is a schematic block diagram of the analysing equipment for use with the test systems.

[0026] Figure 1 shows a test tube 11 mounted in a test system 1 between an upstream tubing 12 and a downstream
tubing 13.
[0027] Figure 2 shows the test system 1 but with an alternative example of upstream tubing 112 and downstream
tubing 113. In this example, the tubing 112, 113 has ports 14 which enable the pressure of the fluid in the tubing 112,
113 to be measured.
[0028] A Döppler ultrasound probe 4 is located adjacent the downstream tubing 13, 113 of the test system 1 so that
transverse flow velocities of fluid in the tube 13, 113 are detected across a plane 3 transverse to the tubing 13, 113. The
probe 4 is movable mounted so that it can be moved in a direction parallel to the longitudinal axis of the tubing 13, 1 13
along the length "L". The Döppler ultrasound techniques enable the range and distribution of transverse flow velocities
in the plane to be detected. Döppler ultrasound probes are commercially available, and details will not be elaborated
here. Of particular interest is to see how spiral flow induced in the tube 11 is maintained downstream, and tomographic
slices of fluid are observed at various positions in the downstream tubing 13, 113, within the available length "L".
[0029] Although in this example the use of ultrasound is described to detect the transverse flow velocities, any suitable
detection system could be used to detect the transverse flow velocities or another suitable transverse flow parameter.
An example of another suitable detection system is a magnetic resonance imaging (MRI) system.
[0030] The test system 1 also comprises a source for the fluid and pressure means to provide a pressure head in the
fluid, neither of which is shown. The pressure means may comprise a fluid reservoir elevated above the tube 11 and/or
a pump.
[0031] The fluid will usually be a liquid, and a liquid of particular interest is blood, it having been realised that the way
blood flows in veins and arteries can have a major influence on the continued patency thereof. WO 00/38591 discusses
how spiral formation in blood vessels can prevent build up of deposits on their walls to maintain healthy flow and militate
against the formation of clots. Blood could be used for testing, but preferred is a liquid that simulates blood without the
problems of maintaining its viability over prolonged tests. A mix of Shelley fluid and ATS mimics blood in terms of density,
viscosity and acoustic refractive index, and is ideal for Döppler ultrasound measurements.
[0032] In addition to the measurement of transverse velocity, it is also considered important to determine how the tube
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11 affects pressure in the flow system, and, in particular, how downstream stenosis affects the spiral flow induced by
the tube 11. Therefore, the tubing 112, 113 includes pressure sensing ports 14 at various positions in the delivery and
receiving tubing 112,113. The ports 14 each permit a pressure sensor 5 to be coupled to them to permit sensing of the
pressure at the respective location in the respective tubing 112, 113. Typical testing stenoses are illustrated in Figures
3(a) to 3(d) in cross section. Figure 3(a) and 3(c) show coaxial stenoses 20, 21 respectively, with stenosis values (ratio
of hatched blocked area to whole) of 44% and 75% respectively. Figures 3(b) and (d) show off-axis stenoses 22, 23
having the same values as the stenoses 20, 21, respectively.
[0033] In blood flow tubing, flow is pulsatile, and the flow system is adapted to produce pulsatile flow by suitable motor
or valve control. Measurements can be snapshot or continuous over time.
[0034] Figure 4 shows a Döppler ultrasound scan 30. These are usually two-colour scans with one colour 31 (hatched
area) indicating flow towards and the other colour 32 (unhatched) indicating flow away from the ultrasound source. The
intensity of the colour (which cannot be shown in the drawing) indicates velocity. The scan 30 is generated from output
signals output by the probe 4 to a processor 6, which processes the output signals and displays them as the scan 30
on an output device 7, such as a visual display.
[0035] The processor 6 also processes the output signals using conventional numerical analysis techniques to obtain
transverse flow profile, transverse velocity profile, peak transverse velocity and spiral statistical uncertainty. These can
then be analysed along with the scan 30 to assess the effect of the test tube 11 in the test system.
[0036] The transverse flow profile is an angle corrected velocity v’(r, θ) which is obtained from the measured velocity
vmeas and is defined as: 

[0037] The transverse velocity profile is the average velocity around a circle of radius r and is defined as: 

[0038] The peak transverse velocity vpeak � σpeak can be measured from the transverse velocity profile, where: 

[0039] The spiral statistical uncertainty S is defined as: 

[0040] The spiral statistical uncertainty is effectively a percentage of vpeak. If the spiral statistical uncertainty is greater
than 100% this indicates that no spiral flow was detected. If the spiral statistical uncertainty is less than 100% this
indicates that spiral flow was detected. The lower the percentage, the higher the amount of spiral flow detected. Hence,
the spiral statistical uncertainty gives an indication of the quality of the spiral flow.
[0041] If the peak transverse velocity is low, this indicates that the flow is coherent.
[0042] Hence, the peak transverse velocity and the spiral statistical uncertainty provide quantitative indications of the
effect of the test tube 11 on fluid flow in the tubing 13, 113.
[0043] In addition, if the linear flow characteristics (i.e. the flow parallel to the longitudinal axis of the tubing 13,113)
are also analysed, and a measure is obtained of the peak linear velocity, the ratio of peak transverse velocity to peak
linearvelocity provides an indication of the speed of travel of the spiral flow along the tubing 13, 113.
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[0044] The transverse flow profile and the transverse velocity profile can be displayed as graphs and used to proved
qualitative indications of the effect of the test tube 11 on the fluid flow in the tubing 13, 113.
[0045] The advantage of the scan 30 is that it provides a visual indication of the position and quality of the spiral flow
pattern within the tubing 13, 113.
[0046] Finally, it is also possible, using the tubing 112, 113 to assess the effect on the test tube 11 on fluid pressures
upstream and downstream of the test tube 11. This is important to ensure that the flow pattern produced by the test tube
11 does not have the undesirable side effect of generating fluid pressures that are too high upstream and downstream
of the test tube 11.
[0047] That significant differences between even apparently similar tube configurations can be detected by the method
of the invention is demonstrated by reference to Figures 5 and 6 which show, for two different grafts, spiral velocity
against distance (Figure 5) and spiral statistical uncertainty against distance (Figure 6).
[0048] Graft 1 was an 8mm diameter graft with a single internal fin, of helix angle 8°, the depth of the fin being 2mm.
Graft 2 was a similar graft, but with two internal fins. It will be seen that the Spiral velocity is higher for Graft 1, and the
Spiral statistical uncertainty lower than for Graft 2, indicating that Graft 1 is the better graft, at least by the applied standards.
[0049] A flow system according to the invention will have desirably a sufficiently flexible design to accommodate grafts
of different lengths and to investigate flow in downstream tubing at different distances, perhaps up to half a metre or
more, from the graft under investigation. Fixtures and fittings will be provided facilitating the connection of tube of different
diameters and for the insertion of stenoses. For the testing of stents, facilities will be provided for accommodating stents
of different designs and for actuating stents which need to be deployed and manipulated in veins and arteries.
[0050] In use, the test system 1 can be used to replicate the conditions within an actual flow system by first analysing
the flow in the actual flow system and then adjusting parameters of the test system 1 to replicate the actual system.
Typical parameters that are analysed and then replicated in the test system 1 are physical properties of the fluid flowing
through the test system 1, such as density and viscosity and physical properties of the test system 1, such as fluid
pressure, flow velocity and any restrictions within the actual system.. The processor 6 can be used to control the test
system 1 to emulate the actual system by controlling test system controls 8. Typically, the test system controls 8 can
control valves and/or a pump (not shown) in the test system 1.
[0051] When the effect of the conduit section 11 on the fluid flow in the test system 1 has been assessed, the effect
of the conduit section on fluid flow in the actual system can be derived from the assessment of the effect of the conduit
section on flow in the test system 1. The actual system could be any fluid flow system, and especially a system where
the fluid is a liquid. For example, the actual system could be an industrial pipeline system, such as an oil or gas pipeline,
or a blood vessel system in the human or animal body.
[0052] The invention has the advantage that it enables the effect of a conduit section 11 on fluid flow to be assessed
in a test system before it is inserted into an actual system. The conduit section 11 may be, for example, designed to
improve or alter the fluid flow pattern in the actual system. This may be, for example, to reduce turbulence, to alter the
wall pressures, to reduce deposits forming within the conduit system and/or to improve flow in the region of a specific
conduit geometry, such as a bifurcation or a restriction or enlargement.

Claims

1. A method of assessing the effect of a conduit section (11) comprising an internal spiral formation on flow charac-
teristics of a fluid in a conduit system (11, 12, 13; 112, 113) mounted in a test system (1), the method comprising:

(a) causing a fluid to flow through the conduit system;
(b) detecting a transverse flow parameter of the fluid in the conduit system (11, 12, 13; 112, 113) downstream
of the conduit section (11);
(c) determining a transverse flow characteristic of the fluid from the detected transverse flow parameter, wherein
the transverse flow characteristic comprises the peak transverse flow velocity, wherein the peak transverse
flow velocity is the maximum transverse flow velocity as a function of the radius of the conduit system (11); and
(d) assessing the effect of the conduit section (11) from the determined flow characteristic.

2. A method according to claim 1, wherein a number of transverse flow velocities are detected across a cross-section
of the conduit system (11, 12, 13; 112, 113).

3. A method according to claim 1 or 2, wherein the transverse flow parameter is detected using ultrasound.

4. A method according to claim 1, 2 or 3, wherein the at least one transverse flow characteristic that is determined
comprises a transverse velocity profile.
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5. A method according to any of the preceding claims, further comprising detecting pressure of the fluid in the flow
system (11, 12, 13; 112, 113).

6. A method according to claim 5, wherein the pressure is detected downstream of the conduit section (11).

7. A method according to claim 5 or claim 6, wherein the pressure is detected upstream of the conduit section (11).

Patentansprüche

1. Verfahren zum Einschätzen der Wirkung eines Leitungsabschnitts (11), umfassend eine innere Spiralbildung, auf
die Fließeigenschaften einer Flüssigkeit in einem Leitungssystem (11, 12, 13; 112, 113), das in einem Testsystem
(1) montiert ist, das Verfahren umfassend:

(a) Fließen lassen einer Flüssigkeit durch das Leitungssystem;
(b) Ermitteln eines Querstromparameters der Flüssigkeit im Leitungssystem (11, 12, 13; 112, 113) stromabwärts
des Leitungsabschnitts (11);
(c) Bestimmen einer Querstromeigenschaft der Flüssigkeit vom ermittelten Querstromparameter, wobei die
Querstromeigenschaft die Spitzenquerstromgeschwindigkeit umfasst, wobei die Spitzenquerstromgeschwin-
digkeit die Höchstquerstromgeschwindigkeit in Abhängigkeit des Radius des Leitungssystems (11) ist; und
(d) Einschätzen der Wirkung des Leitungsabschnitts (11) von der bestimmten Fließeigenschaft.

2. Verfahren nach Anspruch 1, wobei eine Anzahl von Querstromgeschwindigkeiten über einen Querschnitt des Lei-
tungssystems (11, 12, 13; 112, 113) ermittelt wird.

3. Verfahren nach Anspruch 1 oder 2, wobei der Querstromparameter unter Anwendung von Ultraschall ermittelt wird.

4. Verfahren nach Anspruch 1, 2 oder 3, wobei die mindestens eine bestimmte Querstromeigenschaft ein Querge-
schwindigkeitsprofil umfasst.

5. Verfahren nach einem der vorangehenden Ansprüche, ferner umfassend Ermitteln des Drucks der Flüssigkeit im
Leitungssystem (11, 12, 13; 112, 113).

6. Verfahren nach Anspruch 5, wobei der Druck stromabwärts des Leitungsabschnitts (11) ermittelt wird.

7. Verfahren nach Anspruch 5 oder Anspruch 6, wobei der Druck stromaufwärts des Leitungsabschnitts (11) ermittelt
wird.

Revendications

1. Procédé pour estimer l’effet d’une section de conduit (11) comprenant une formation interne en forme de spirale
sur les caractéristiques d’écoulement d’un fluide dans un système de conduit (11, 12, 13; 112, 113) monté dans un
système test (1), le procédé comprenant les étapes suivantes:

(a) faire circuler un fluide à travers le système de conduit;
(b) détecter un paramètre de fluide transverse du fluide dans le système de conduit (11, 12, 13; 112, 113) en
aval de la section de conduit (11);
(c) Déterminer une caractéristique de fluide transverse du fluide à partir du paramètre de fluide transverse
détecté , la caractéristique de fluide transverse comprenant la vitesse de fluide transverse de pic, la vitesse de
fluide transverse de pic étant la vitesse transverse maximale en fonction du rayon du système de conduit (11); et
(d) évaluer l’effet de la section de conduit (11) à partir de la caractéristique de fluide déterminée.

2. Procédé selon la revendication 1, dans lequel plusieurs vitesses de flux transverse sont détectées dans une section
transversale du système de conduit (11, 12, 13; 112, 113).

3. Procédé selon la revendication 1 ou 2, dans lequel le paramètre de fluide transverse est détecté en utilisant des
ultrasons.
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4. Procédé selon la revendication 1, 2 ou 3, dans lequel la au moins une caractéristique de fluide transverse déterminée
comprend un profil de vitesse transverse.

5. Procédé selon l’une quelconque des revendications précédentes, comprenant en outre la détection de la pression
du fluide dans le système de flux (11, 12, 13; 112, 113).

6. Procédé selon la revendication 5, dans lequel la pression est détectée en aval de la section de conduit (11).

7. Procédé selon la revendication 5 ou la revendication 6, dans lequel la pression est détectée en amont de la section
de conduit (11).
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